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Hydrogen is rarely observed as ligand in hypervalent species, however, we find that high-pressure
hydrogenation may stabilise hypervalent hydrogen-rich materials. Focussing on ternary silicon hy-
drides via lithium doping, we find anions composed of hypervalent silicon with H ligands formed
under high pressure. Our results reveal two new hypervalent anions: layered-SiH−5 and tricapped
trigonal prismatic SiH2−6 . These differ from octahedral SiH
2−
6 described in earlier studies. In addi-
tion, there are further hydrogen-rich structures Li3SiH10 and Li2SiH6+δ which may be stabilised at
high pressure. Our work provides pointers to future investigations on hydrogen-rich materials.
I. INTRODUCTION
Hypervalences are well established in chemistry, refer-
ring to aggregates, such as molecules, ions, hydrogen
bonds, and other extended structures, in which main
group atoms, as a result of their coordination with lig-
ands, adopt a valence electron configuration that ex-
ceeds eight[1]. The electronegativity of hydrogen is sim-
ilar to that of p-block element central atoms, and this
explains why hydrogen is rarely observed as ligand in
hypervalent species[2–4]. Linear bonding in hyperva-
lent species is visually described by the three-center-four-
electron (3c−4e) model [5–7] and it is generally acknowl-
edged that a high polarity is essential to stabilise a hy-
pervalent bond. The Lewis-Langmuir theory of valence
attributes the stability of molecules to their ability to
place their valence electrons, which appropriately paired
off as chemical bonds into stable octets [8, 9]. This the-
ory can be said to have survived the advent of quan-
tum mechanics, with the electron-pairs being replaced
by doubly-occupied molecular orbitals or approximately-
localized bond orbitals, and with the “cubical atom” be-
ing replaced by the directed valences of p-bonds, so that
undistorted bonds form along perpendicular axes rather
than towards the corners of tetrahedra. However, both
types of theories have encountered considerable difficul-
ties in treating the molecules formed by atoms of Groups
V-VIIl of the periodic table in their higher valences, with
the classical theory referring to “expanded octets” and
the quantum mechanical theory invoking d-orbital par-
ticipation in hybridization schemes involving large pro-
motion energies[10].
∗ xf232@cam.ac.uk
† duandefang@jlu.edu.cn
Some previous theoretical and experimental studies
show that the alkali metal potassium(K) can form K-Si-
H compounds, in which potassium silyl KSiH3 exhibits a
high hydrogen content of 4.1 wt% and maintains an ex-
cellently reversible reaction without any disproportiona-
tion through direct hydrogenation of the KSi Zintl phase
near 130 ◦C and ambient conditions, consistent with the-
oretical calculations [11–15]. In 2012, K2SiH6 with a
cubic Fm3m structure was synthesized via reactions of
K2SiH6 ⇋ 2KH+Si+2H2 and K2SiH6 ⇋ K+KSi+3H2
at pressures above 4 GPa and temperatures between 450
and 650 ◦C. This phase containes octahedral SiH2−6 and
additional hypervalences of the central Si atoms [16]. We
believe that there should be similar additional hyperva-
lences for central Si atoms when combined with alkali
metal hydrides at high pressure.
In our work, alkali metal lithium (Li) was chosen to
form Li-Si-H compounds. Here, the atomic mass of
lithium is relative very light such that it enhances the
hydrogen content to achieve the same stoichiometric ra-
tio to metal as seen in K2SiH6 and similar compounds. In
addition, we explore new ternary phases and investigate
their peculiar structures and properties at high pressure,
and find that these potential structures may be stable at
ambient pressure.
II. COMPUTATIONAL DETAILS
We performed a full structure search of the ternary
composition space bounded by Li-Si-H at 1 atm, 50 and
100 GPa using the AIRSS (Ab Initio Random Structure
Searching) method [17, 18], which enabled us to con-
struct a ternary phase diagram in FIG 1. Full variable-
composition predictions were firstly performed within
15000 structures using random structure searches based
on the AIRSS code at pressures of 1 atm, 50 and 100 GPa.
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FIG. 1. The ternary phase diagram of Li-Si-H at (a) 1 atm, (b) 50 GPa, and (c) 100 GPa. Details of phase diagrams are shown
in (d). Big circles represent compounds which located on the convex hulls, and small red diamonds represent which didn’t
locate on the convex hulls. A metastable structure with a ratio of Li2SiH6 is marked in pink star in the left plane below (a),
which is dynamically stable .
Then, fixed composition predictions were employed to
further search structures for stable compounds by means
of the AIRSS code as well. The CASTEP code[19] was
used for the AIRSS searches. The VASP (Vienna ab ini-
tio simulation packages) code[20] was used to optimize
crystal structures and calculate the electronic proper-
ties, where the Perdew–Burke–Ernzerhof (PBE)[21] gen-
eralized gradient approximation (GGA)[22] with the all-
electron projector-augmented wave method (PAW)[23]
was performed. The electron-ion interaction was de-
scribed by projector-augmented-wave potentials with the
1s1, 1s22s1 and 2s22p63s23p2 configurations treated as
valence electrons for H, Li and Si, respectively. The ki-
netic cutoff energy of 800 eV, and Monkhorst-Pack k
meshes with grid spacing of 2pi × 0.03A˚−1 were then
adopted to ensure enthalpy convergence to less than 1
meV/atom. Ground-state and semi-state structures for
Li-Si-H compounds at 1 atm, 50 GPa and 100 GPa were
chosen in the calculations of the convex hulls. The struc-
tural parameters of these structures are listed in Supple-
mental Table S 2. The phonon calculations were per-
formed in the PHONOPY code[24], for which the com-
putational settings are described in the supplementary
materials. To investigate the Si-H bonding characteris-
tics, the ICOHPs were calculated as implemented in the
LOBSTER[25] package, which provides an atom-specific
measure of the bonding character of states in a given
energy region.
III. RESULTS AND DISCUSSIONS
We have identified several new stoichiometries of Li-Si-
H compounds, including LiSiH5, Li2SiH6, Li3SiH10, and
Li2SiH6+δ, δ = 4, 6, 8. The structures of these new Li-Si-
H compounds are shown in FIG 2. These results provide
important pointers towards the searching for synthesis
of new ternary hydrogen-rich metal hydrides. Further-
more, all of our new structures are hypervalent. There
are no stable compounds located on the convex hull at 1
atm. We find that LiSiH5, Li2SiH6 and Li2SiH10 are sta-
bilised by increased pressure and only appear on the con-
vex hull in our calculations at 50 and 100 GPa. Li3SiH10,
Li2SiH12, and Li2SiH14 are less than 2 meV/atom above
the convex hull at 50 GPa or 100 GPa, and thus are
assumed to be potentially metastable. Phases located
on the convex hulls at 50 and 100 GPa are Li2SiH6 and
Li2SiH10 and our phonon calculations show that these
are dynamically stable. By further calculation, some
metastable phases like Li3SiH10, Li2SiH12, and Li2SiH14
are shown to be dynamically stable as well.
In our further investigation we identify new structures
formed that include Groups IV Si atoms. These include
a dynamically stable layer-typed SiH−5 , listed in FIG S
1. in the supplementary materials, which is the first such
found as an inorganic structure. This is different from
the SiH−5 previously identified in EtSiH5 through the
chemical reaction of Et3SiH
−
2 +SiH4 ⇋ SiH
−
5 + Et3SiH
in previous studies [26]. The only hypervalent all-hydride
species reported before is the SiH−5 ion which was iden-
tified by mass spectrometry [27] as a product of the gas
phase ion–molecule reaction. That form of SiH−5 ion has
been reported stable with respect to the loss of H− but
unstable with respect to decomposition into SiH−3 and H2
[28–30]. SiH−5 in EtSiH5 is composed of one axial H-Si-H
unit with 3 H ligands perpendicular to the axial H-Si-
H [29]. We find unstable folded layer-typed SiH−5 ions
in P21c-type LiSiH5 (located on the convex hull at 50
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FIG. 2. Crystal structures of Li-Si-H ternary compounds, which are (a) R32 LiSiH5 at 100 GPa, (b) P21c Li2SiH6 at 50 GPa,
(c) P62m Li2SiH6 at 1 atm, (d), (e), (f) and (g) are P1 Li3SiH10, C2/m Li2SiH10, P1 Li2SiH12 and P1 Li2SiH14 at 100 GPa.
There are 1 type of SiH−5 in layers, and 2 types of SiH
2−
6 , which are originally octahedral ions or tricapped trigonal prismatic
ions.
GPa) or P21212-type LiSiH5 (located on the convex hull
at 100 GPa), see FIG S 2. in supplementary material.
We note that only flat layer-typed SiH−5 ions in the R32-
type LiSiH5 adopt a stable structure. The upper Si-H
layer moves
2√
3
dSi-H from down layers alongside crystal
orientation [210] in R32-type LiSiH5 such that dSi-H is
the distance between central Si to H at 6c site (H on the
Si-H plane), and the R32-type LiSiH5 can be stable at the
range of 60 ∼ 150 GPa, conforming to the 3c− 4e model
with 4 H-Si-H units per central Si atom. One H-Si-H is
axial and others are on the Si-H plane. We can assume
that layer-type SiH−5 is composed of single EtSiH5-type
SiH−5 ions. We should note that the 3c− 4e model does
not explain why Si atoms can accommodate significant
ligands in their valence shell, although it accounts for the
bonding in hypervalent species.
We have, moreover, identified new tricapped trigonal
prismatical SiH2−6 in the P62m-type Li2SiH6 that does
not follow the predictions of the 3c− 4e model, whereas
the original hypervalent octahedral structure SiH2−6 does
obey the 3c − 4e model where it occurs in the P21c-
type Li2SiH6, Li2SiH6+δ, and Li3SiH10. For compounds
with stoichiometry Li2SiH6 we find three structures with
space groups of P62m, P21c, and P3. P21c-type Li2SiH6
is located on the convex hull at 50 GPa, but becomes dy-
namically unstable when decompressed to 20 GPa. In
contrast, P62m-type Li2SiH6 is stable over the pressure
range 0 ∼ 150 GPa. The enthalpy calculation shows that
the phase P21c transforms to the phase P62m at 110
GPa. Furthermore, C2/m-type Li2SiH10 is stable over
the pressure range 10 ∼ 100 GPa. Additional compounds
that we identify include Li3SiH10, Li2SiH12, and Li2SiH14
which all adopt space group P1. These all contain orig-
inal hypervalent octahedral-structured SiH2−6 units with
H2 units. As expected, LixSiHy can be both thermody-
namically and dynamically stable under high pressures.
Li3SiH10 is stable at the pressure range of 70 ∼ 100 GPa.
Li2SiH12 is stable at the pressure range of 50 ∼ 100
GPa. And Li2SiH14 is stable over the pressure range
of 50 ∼ 150 GPa. For Li3SiH10 and Li2SiH6+δ, a va-
riety of bonds exist towards H2 units and these are ex-
tended into different directions in their structures, which
reduces the symmetries of these compounds to triclinic
or monoclinic. At pressures greater than 200 GPa, all
ternary compounds become metastable and move off the
convex hull, by more than 0.3 eV/atom, and further-
more all of them are computed to be dynamically unsta-
ble. We examine the electronic properties of our new
Li-Si-H compounds based on their equilibrium crystal
structures. The Bader charge analysis[31] was used to
determine charge transfer, and the electron localization
function (ELF)[32] was used to describe and visualize
chemical bonds in molecules and solids. Bader charge
analysis reveals charge transfer from Li/Si to H, as listed
in Table S 1, suggesting that both Li and Si are electron
donors and provide electrons to H atoms. For all the sta-
ble phases, Li consistently loses approximate 0.8 ∼ 0.9e,
and Li-ions form ionic bonds with Si-H anions. From FIG
4 and FIG S 10 ∼ FIG S 15 in supplementary material,
most of Li-Si-H compounds have large-band gaps, which
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FIG. 3. Calculated phonon dispersion relations (left panel)
and densities of the phonon states (right panel) of (a)
R32 LiSiH5, (b) P21c Li2SiH6, and (c) C2/m Li2SiH10 at 100
GPa.
shows that the majority of these Li-Si-H compounds are
insulators.
We here propose a generally useful system to designate
the bonding around the Si atoms. Such a bonding sys-
tem is described as an N-X-L system[33]. N represents
the number of total valence electrons, X is central atom,
Si in our case, and L is the number of ligand atoms.
There are 3 different such systems which can thus be
designated. The first is 10 − Si − 8 R32-type LiSiH5,
which is thus different to the 10− Si− 5 seen in EtSiH5
[26]. Additionally we identify 12− Si− 9 for P62m-type
 H
 Li
 Si
PDOS (states/eV/Å3)
FIG. 4. Calculated band structure (left panel) and projected
density of states (right panel) of (a) R32 LiSiH5 at 100 GPa,
(b) P62m Li2SiH6 at 1 atm, and (c) C2/m Li2SiH10 at 10
GPa. The Fermi level is set to zero and depicted as the blue
dash line.
Li2SiH6, and 12− Si− 6 for Li2SiH6+δ and P1 Li3SiH10
(Table S 3 in supplementary material). The bonding be-
tween H and Si atoms is covalent, composing hypervalent
silicic anions SiH−5 or SiH
2−
6 , which are strong and hard
to disrupt at high pressure, as seen when we combine
our data with the integrated crystalline orbital Hamilto-
nian population (ICOHP) results below [34]. For various
ICOHP values, stronger Si-H bonds give larger negative
values. Almost all of Li-Si-H compounds are semicon-
ductors or insulators with energy gaps greater than 1.0
5TABLE I. The ICOHPs for Si-H bonding in LiSiH5, Li2SiH6, and Li2SiH10.
Compounds Pressure Space Group Bond length (A˚) ICOHP (eV)
LiSiH5 100 GPa R32 1.4584 ∼ 1.6167 −2.0772 ∼ −1.9725
Li2SiH6 1 atm P62m 1.7510 ∼ 1.7927 −1.6513 ∼ −0.2301
Li2SiH10 10 GPa C2/m 1.5757 ∼ 1.5853 −0.9200 ∼ −0.2982
eV, and even P1-type Li3SiH10 is a poor electrical con-
ductivitor with high proportions of SiH2−6 and H2 units.
We have calculated the ICOHPs for Si-H bonds to char-
acterise the orbital interaction in the hypervalent silicon-
hydride anions. All our results are presented in Table I,
and Table S 5 in the supplementary material. It is found
that all the predicted compounds have high gravimet-
ric hydrogen contents and volumetric hydrogen densities,
suggesting that they may be potential hydrogen storage
materials. P62m-type Li2SiH6, at ambient pressure, has
a very high volumetric hydrogen density of 175.04 g/L
with 12.51wt% theoretical gravimetric hydrogen content.
Moreover, P1-type Li2SiH14 has the highest volumetric
hydrogen density of 352.31 g/L, with 25.02 wt% theoret-
ical gravimetric hydrogen content.
IV. CONCLUSIONS
In summary, we have explored the crystal structures
and stabilities of compounds within the Li-Si-H ternary
system under high pressure by employing ab initio cal-
culations as implemented in the AIRSS random struc-
ture search method. We predict the existences of sev-
eral hydrogen-rich structures at low pressures, including
P62m-type Li2SiH6 at 1 atm, and C2/m-type Li2SiH10
at 10 GPa. Furthermore, we find highly hydrogen-rich
structures in the form of P1-type Li2SiH12 at 50 GPa,
P1-type Li3SiH10 and P1-type Li2SiH14 at 100 GPa
which accommodate high hydrogen content in the form
of H2 units inside. We find two new types of hyperva-
lent ions. One of them is layer-typed SiH−5 in R32-type
LiSiH5 containing 4 H-Si-H units per central Si atom, one
is axial and others comprise the 2-D layers. The other
variety of hypervalent ion that we identify is tricapped
trigonal prismatic SiH2−6 in P62m-type Li2SiH6. This
does not obey the 3c− 4e model and dynamically stable
at both ambient pressure and high pressure. The pre-
diction of tricapped trigonal prismatic SiH2−6 may be a
new challenge to the 3c− 4e model. Based on our results
we propose a new method for designing novel ternary hy-
drogen rich materials. We believe that our work provides
useful guidance and waymarkers for future experimental
synthesis of ternary alkali and alkaline earth metal hy-
drides.
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